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Abstract 
Background  
Cytochrome P450 enzymes (CYPs) are monooxygenases present in every domain of life. In fungi 
CYPs are involved in virulence. Fusarium wilt of lettuce, caused by Fusarium oxysporum f. sp. 
lactucae, is the most serious disease of lettuce. Fusarium	oxysporum	f.sp.	 lactucae	MSA35	is	an	antagonistic	fungus. Pathogenic formae specialis of F. oxysporum possess a CYP belonging to the 
new family CYP505. This enzyme hydroxylates saturated fatty acids that play a role in plant defence.  
Methods 
Molecular tools were adopted to search for CYP505 gene in MSA35 genome. cyp505 gene expression 
analysis in pathogenic and antagonistic Fusarium was performed. The enzyme was expressed in its 
recombinant form and used for catalytic reactions with fatty acids, the products of which were 
characterized by mass spectrometry analysis. 
Results 
A novel MSA35 self-sufficient CYP505 is differentially expressed in antagonistic and pathogenic F. 
oxysporum. Its expression is induced by the host plant lettuce in both pathogenesis and antagonism 
during the early phase of the interaction, while it is silenced during the late phase only in antagonistic 
Fusarium. Mass-spectrometry investigations proved that CYP505A1 mono-hydroxylates lauric, 
palmitic and stearic acids.  
Conclusions 
The ability of CYP505A1 to oxidize fatty acids present in the cortical cell membranes together with 
its differential expression in its Fusarium antagonistic form point out to the possibility that this 
enzyme is associated with Fusarium pathogenicity in lettuce. 
 
General significance 
The CYP505 clan is present in pathogenic fungal phyla, making CYP505A1 enzyme a putative 
iris-AperTO 
University of Turin’s Institutional Research Information System and Open Access Institutional Repository 
candidate as a new target for the development of novel antifungal molecules.  
 
Keywords: self sufficient cytochrome P450, Fusarium oxysporum, wilt of lettuce, fungal pathogens, 
fungal antagonists new antifungal target. 
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1. Introduction 
Cytochrome P450 enzymes (P450s) are haem-containing monooxygenases present in every domain 
of life with very diversified biological functions. They are characterized by a strong absorption band 
at 450 nm by their haem iron when reduced and complexed with carbon monoxide. In fungi, P450s 
contribute to their fecundity and fitness in different ecological niches, being involved in a plethora of 
physiological reactions. Secondary metabolites with industrial, biomedical and agricultural 
significance, are synthetized in filamentous fungi by cytochromes P450 [1]. In addition to very 
specific functions, P450s play a housekeeping role in fungi; for example, CYP51 is involved in the 
biosynthesis of sterol and it is a very efficient target for fighting diseases in human as well as fungal 
diseases of crops [2]. The evolution of fungal pathogenicity has been associated to the expansion and 
functional diversification of the P450 families [3,4]. Several P450s are involved in pathogen virulence 
because they neutralize the antibiotic phytoalexins produced by host plants [4]. The best known P450 
degrading plant defence compounds is represented by the pisatin demethylase CYP57A1 of Nectria 
haematococca, a pea pathogen. This enzyme acts on pisatin, a fungistatic isoflavonoid produced by 
pea when attacked by the pathogenic [5].  
Fusarium wilt of lettuce, caused by Fusarium oxysporum f. sp. lactucae, is at present the most serious 
disease of lettuce, causing significant losses worldwide [6]. Fusarium	 oxysporum	MSA35	 is	 an	antagonistic	 fungus	 that	 lives	 in	 association	 with	 a	 consortium	 of	 ectosymbiotic	 bacteria	isolated	from	a	soil	suppressive	to	Fusarium	wilt	[7].	MSA35	produces	a	different	spectrum	of	microbial	 volatile	 organic	 compounds,	 the	 sesquiterpene	a-caryophyllene,	 that	 reduces	 the	mycelial	growth	and	inhibits	the	expression	of	virulence	genes	in	different	formae	specialis	of	pathogenic	F.	oxysporum	[8]. 
Interestingly, different pathogenic formae specialis of F. oxysporum possess a cytochrome P450 
(P450foxy) belonging to the new family CYP505 and to class VIII [9]. This is a flavocytochrome 
composed of a P450 hydroxylase with a N-terminal domain naturally fused to the FAD/FMN-
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containing cytochrome P450 reductase C-terminal domain [10]. This enzyme is able to hydroxylate 
saturated fatty acids [11] whose role in inducing plant defences is a recent discovery [12]. 
In the present study we investigate the presence of CYP505 gene in pathogenic Fusarium oxysporum 
f. sp. lactucae. Given the key role played by P450 in fungal pathogenesis, the possibility that this 
enzyme can be involved in virulence in lettuce was investigated. Its expression profile during both 
pathogenic and antagonistic Fusarium interaction with the host lettuce plant was studied as well as 
the correlation, if any, with lettuce costunolide synthase gene expression, phytoalexin and fatty acid 
metabolism.  
 
2. Materials and methods 
2.1 Fungal and plant cultures 
Fusarium oxysporum MSA 35 and Fusarium oxysporum f. sp. lactucae Fuslat10 were maintained on 
Fusarium-selective Komada medium [13] and on potato dextrose agar medium (PDA) [14] as 
described previously [7]. 
2.2 Plant material 
Seeds of Lactuca sativa and seedlings were treated as described in Minerdi et al. [7]. Germinated 
seedlings were transferred after 2 days to plates for the experimental uses described below. 
2.3 Co-culturing of F. oxysporum-L. sativa 
The expression of F. oxysporum CYP505 gene in the presence of the host plant was performed on 
plastic Petri dishes with Murashige and Skoog salt (MS) medium (Duchefa Biochemie) containing 
0.8% agar and 1.5% sucrose [15] using the same protocol described in Minerdi et al. [7]. Experiments 
were carried out three times with three replicates each and arranged in a completely randomized 
manner. 
2.4 Bacterial strain and culture media 
Escherichia coli TOP10 and DH5a strains (Invitrogen, Karlsruhe, Germany) were used for vector 
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propagation and heterologous expression of the fungal recombinant cytochrome P450 haem domain 
(FOP) and the human recombinant cytochrome P450 reductase (hCPR), respectively. Bacteria were 
grown at 37°C in LB medium containing 100 μg/ml ampicillin as a selection marker.  
2.5 DNA extraction and PCR amplifications on genomic DNA 
Genomic DNA was extracted from lettuce seedlings and F. oxsporum MSA35 mycelium using the 
Nucleospin Plant kit (Macherey Nagel) according to the manufacturer’s instructions. To amplify the 
genomic sequence of fungal P450 gene belonging to 505 family, primers CYP505For (5′-
TTGCGCCCAACTTTCTCTAT-3′) and CYP505Rev (5’-ATGCCATGTCGTAGGGTAGC-3’) 
were designed on the basis of the conserved regions of CYP505 gene sequence of Fusarium 
oxysporum f.sp. dianthii (AB030037.1) and Fusarium oxysporum f. sp. lycopersici 
(AFQF01002607.1), available in databases. PCR reaction was carried out in a final volume of 20 μl 
and containing 0.5 M of each primer, 2.0 μl of 10X buffer (Qiagen, Hilden, Germany), 2.5 mM 
MgCl2, 250 mM of each dNTP, 2 μl of DNA and 1U of Taq DNA polymerase (Qiagen, Hilden, 
Germany), The PCR cycling conditions were as follows: denaturation at 95°C for 4 min; 30 cycles at 
94°C for 45 s, 50°C for 45 s and 72°C for 1 min; and a final extension at 72°C for 7 min using a 
Techne TC-312 thermal cycler. To obtain the full sequence of the gene, a genome walking strategy 
was adopted using primers specifically designed on the basis of F. oxysporum f.sp. lycopersici 
CYP505 flanking gene sequences. 
To amplify the genomic sequence of F. oxysporum MSA35 primers NS1/NS2 [16] were used. The 
experimental conditions used were previously described in Minerdi et al. [17]. F. oxysporum CYP505 
was amplified by using the specific primers CYP505RT-FOR (5’-
AAAGGATTTGCTCGCTCGCTA-3’) and CYP505RT-REV (5’-
CATCCGCTCAGGAATGAACT-3’) designed on the basis of the coding sequence obtained in this 
work. PCR reactions were carried out in a 20 µl final volume containing 0.5 µM of each primer, 2.0 
µl of 10X buffer (Invitrogen), 2.5 mM MgCl2, 250 µM each dNTP, 500 ng of DNA preparation and 
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1U of Platinum Taq DNA polymerase (Invitrogen). The PCR cycling conditions were as follows: 
denaturation at 95 °C for 3 min; 30 cycles at 94 °C for 45 s, 60 °C for 45 s and 72 °C for 45 s; and a 
final extension at 72 °C for 7 min using a Techne TC-312 thermal cycler. 
2.6 PCR product purification and sequencing  
The PCR product of 800 bp obtained using primers CYP505For/CYP505Rev was excised from the 
gel and purified using the QIAquick PCR purification kit (Qiagen). The purified product was directly 
sequenced by using the PCR primers described above using an ABI model 3730 DNA sequencer 
(Eurofins MWG operon sequencing service, Ebersberg, Germany).  
2.7 Semi-quantitative reverse transcription RT-PCR 
Total RNA for RT-PCR was extracted from: antagonistic MSA35 and pathogenic Fuslat10 mycelium 
grown on PDA and on MS plate close to the lettuce seedlings. RNeasy Plant Mini Kit (Qiagen) was 
used for RNA extractions according to the manufacturer’s instructions. cDNA was synthesized in a 
two-step process using Superscript II (Invitrogen). The primers used in RT-PCR reactions were the 
fungal CYP505RTFOR/CYP505RTREV pair. Single-strand cDNAs were obtained with the specific 
antisense primers CYP505RTREV using total RNA as a template. RNA samples were denatured at 
65 °C for 5 min, then reverse transcribed at 55°C for 1 h in a final volume of 20 µl containing 500 ng 
of total RNA, 1 mM of each specific primers, 0.5 mM dNTPs, 10U RNase inhibitor, 4 µl of 5X buffer, 
2 µl 0.1M dithiothreitol and 1 µl of Superscript II (Invitrogen). Control PCR reactions were carried 
out to assess the absence of undigested genomic DNA by using Platinum Taq DNA polymerase 
((Invitrogen) and the 18S rRNA gene primers NS1/NS2 using nine total RNAs (500 ng each) as 
templates and the PCR conditions described above. CYP505 specific primers were then used to 
amplify the corresponding gene fragment. The entire RT reactions were used for PCR amplification 
with the sense and antisense primers using the same PCR conditions as those described above. RT-
PCR experiments were conducted using three replicates on three independent samples. The amplified 
products were analysed by 1.8% agarose gel electrophoresis in a TAE running buffer [18] and the 
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nucleotide sequences were determined via direct sequencing of the amplified fragments using the 
specific primer pairs described above. 
2.8 Sequence retrieval and alignment 
GenBank database was used to retrieve amino acid sequences from completely sequenced fungal 
genomes. The BLASTP option of BLAST [19] was used to probe the database. Conserved domains 
in the MSA35 P450 sequence were searched by using Reverse Position-Specific BLAST algorithm. 
The ClustalW [20] program was used to perform pairwise and multiple amino acid sequence 
alignments. Alignments were manually checked and misaligned regions were removed. 
2.9 Phylogenetic analysis 
Phylogenetic analysis was performed using MEGA version 4 [21]. Distances according to the Kimura 
two-parameter model [22] and clustering with the neighbour-joining method [23] were determined 
using bootstrap values based on 1,000 replications. 
2.10 Nucleotide sequence accession number 
The cytochrome P450 coding sequence obtained from F. oxysporum MSA35 was submitted to the 
GenBank database and assigned the Accession No. KT176089. 
2.11 Retro-transcription and amplification of P450 haem domain (FOP) coding sequence and 
cloning in expression vector 
The sequence coding for the haem domain of MSA35CYP505 (called FOP: F. oxysporum P450 
domain) was retro-transcribed from total RNA extracted from lettuce roots inoculated with Fuslat10 
after 8 days of infections and showing clear disease symptoms. Single-strand cDNA was obtained 
with the specific antisense primers HREV (5’-TTAATCTAACTCGGTTGGGGTCAT-3’) designed 
at the 3’ of the haem domain sequence of MSA35CYP505 using the same conditions described above.  
The entire RT reactions was used for PCR amplification with the sense primer (5’-
TAAAGGAGATATACATACCCATG) designed at the 5’ of the haem domain coding sequence and 
antisense primers using the same PCR conditions as those described above. The PCR cycling protocol 
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was as follows: denaturation at 95 °C for 3 min; 30 cycles at 93 °C for 45 s, 60 °C for 45 s and 72 °C 
for 90 s; and a final extension at 72 °C for 7 min using a Techne TC-312 thermal cycler. 
 An amplified fragment of about 1,500 bp was obtained and cloned into pBAD-TOPO (Invitrogen) 
expression vector, and subsequently E. coli TOP10 (Invitrogen) were transformed with this plasmid.  
2.12 Heterologous expression of FOP and human cytochrome P450 reductase (hCPR) in E. coli 
cells 
Expression of FOP and hCPR was achieved starting from a colony of E. coli TOP10 and DH5a 
transformed with the pBAD-FOP and pCW-Lic-hCPR plasmids, respectively. Bacteria were grown 
overnight in 5 ml of LB with 100 μg/ml of ampicillin at 37°C. This was used as the inoculum of 500 
ml of Terrific broth (TB), containing 100 μg/ml of ampicillin. The cultures were grown at 37°C, until 
an optical density at 600 nm of 0.8 was achieved. At this point, protein production was induced by 
the addition of 0.2% L-arabinose and 0.5 mM δ-aminolevulinic acid for FOP and 20 mg/ml riboflavin, 
1 mM IPTG in the case of hCPR. The FOP and hCRP- induced cells were then grown for 48 h at 
24°C and 24 h at 28°C, respectively. After these times, the cells were harvested by centrifugation at 
4,000 rpm for 20 min at 4°C and resuspended in lysis buffer (50 mM potassium phosphate pH 7.4 
and 0.1 mM phenylmethyl sulfonyl fluoride). Lysozyme was added to both suspensions at a final 
concentration of 1 mg/ml and the suspensions were stirred for 30 min at 4°C. Subsequently, the 
formation of the reduced and carbon monoxide bound form of the P450 was obtained from the 
difference spectrum at 450 nm using a Hewlett-Packard 8453 diode array spectrophotometer.  
2.13 FOP and hCPR purification and spectroscopic analysis 
The bacterial lysate from transformed TOP10 cells was centrifuged at 40,000 rpm for 20 min at 4°C, 
the supernatant was loaded on a DEAE column pre-equilibrated with buffer A (30 mM Potassium 
Phospate Buffer pH 7.4, 0.1 mM EDTA, 2 mM DTT). FOP was eluted using a gradient of 50-250 
mM NaCl. Eluted fractions that contained the protein (peak absorbance at 418 nm) were pooled and 
loaded on a Q-sepharose column pre-equilibrated with buffer A. The column was washed extensively 
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with the same buffer and FOP was eluted using a gradient of 50-250 mM NaCl. Fractions containing 
FOP were pooled and buffer exchanged to buffer A by Amicon Ultra centrifugal filters (Millipore, 
Watford, UK) and stored at -80°C. The enzyme was reduced by the addition of sodium dithionite and 
its UV-vis spectrum recorded with an Agilent 8453E spectrophotometer (Agilent Technologies). 
Then carbon monoxide was bubbled into the protein solution for a few minutes, and the resulting 
spectrum was recorded. The binding of CO to the reduced form of the protein causes the appearance 
of the characteristic 450 nm absorbance peaks. Enzyme concentration was calculated using an 
extinction coefficient of 91, 000 cm−1M−1 at 450 nm from the differential spectra of dithionite reduced 
minus CO-bound (Omura and Sato 1964). 
E. coli membranes expressing the recombinant human P450 reductase were resuspended in 500 mM 
phosphate buffer containing 20% glycerol, 0.02 mM EDTA, 0.2 mM DTT, 1% IGEPAL, 0.5 mM 
PMSF, solubilized by using a homogenizer, stirred at 4°C for 2 hours and ultracentrifuged at 41,000 
g for 1 hour. The supernatant was loaded on a DEAE-Sepharose Fast Flow column (GE Healthcare) 
pre-equilibrated with 50 mM phosphate buffer pH 7.7 containing 20% glycerol, 0.02 mM EDTA, 
0.1% IGEPAL and 0.2 mM DTT. The column was washed with 10 column volumes of the same 
buffer and the bound proteins were eluted with a KCl gradient of 0 to 300 mM. Fractions containing 
hCPR were pooled and loaded onto a 5 ml 2’-5’ADP-Sepharose column (Sigma) equilibrated with 
50 mM phosphate buffer pH 7.7 containing 20% glycerol, 0.02 mM EDTA, 0.1% IGEPAL, a 0.05 
mM DTT and 300 mM KCl. The column was washed with 50 ml of the same buffer plus 5 mM 
adenosine. The reductase was eluted with the same buffer replacing adenosine with 5 mM 2’-3’ AMP. 
The presence of the characteristic absorption peaks of FAD/FMN at 374 and 455 nm were checked 
with an Agilent 8453E spectrophotometer (Agilent Technologies), fractions were pooled and elution 
buffer was exchanged to storage buffer (50 mM potassium phosphate buffer pH 7.7, 20% glycerol, 
0.02 mM EDTA and 0.05 mM DTT) by Amicon membranes (Millipore) and stored in small aliquots 
at -80 °C. The hCPR concentration was calculated assuming a molecular mass of 78 kDa, a molar 
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content equal to that of FAD, and an extinction coefficient of 11,300 M-1 cm-1 at 450 nm [24]. 
After the purification, both FOP and hCPR were visualized in a 10% SDS PAGE gel stained with 
Coomassie Blue to verify their purity. 
To check hCPR functionality, an assay for NADPH-cytochrome c reduction was carried out in 50 
mM phosphate buffer pH 7.7, 10% glycerol, 5 µM cytochrome C, 75 µM NADPH, 0.2 µM hCPR at 
room temperature as described previously [25]. 
2.14 FOP substrate binding assay by UV-vis spectroscopy 
Prior to substrate binding assay, the storage buffer was exchanged with 0.1 M phosphate buffer pH 
8.0. Spin-state shifts upon substrate binding were analysed under aerobic conditions at room 
temperature using a UV-vis spectrophotometer Agilent 8453E spectrophotometer (Agilent 
Technologies) following the characteristic low-to-high spin transition, as a shift in the main Soret 
absorption band from 419 to 394 nm [26]. Substrate titrations were performed by adding small 
aliquots of an appropriate stock of costunolide, lauric, stearic and palmitic acids dissolved in ethanol 
and in 50 mM K2CO3 in the reaction mixture, respectively. The reaction mixture contained 1 µM 
concentration of FOP in 100 mM phosphate buffer pH 8.0 and spectra were recorded after each 
substrate addition to the sample cuvette. The dissociation constant, KD, was determined as described 
in Ferrero et al. [27].	
2.15 P450 505A1 catalytic activity  
In order to verify the products of the enzymatic reaction of CYP505A1 with lauric, palmitic and 
stearic acids, GC-MS experiments were performed. Each fatty acid (500 µM) was incubated in 
phosphate buffer (100 mM, pH 7.7) with 1 µM FOP, 1 µM hCPR and 1.5 mM NADPH at 30°C for 
2 hours in 5 mL glass vials. The reaction mixture (500 μL) was acidified with 50 μL of 12 M HCl 
and extracted twice with 1 mL of diethylether. The organic phase was collected and dried with a 
nitrogen flush. The samples were silanized with 100 μL of BSTFA+TMCS 99:1 (Supelco) and 2 μL 
were analyzed by GC–MS1. The molecular weight and the position of OH were deduced on the basis 
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of derivatization and MS fragmentation. Each OH moiety (both carboxylic and alcoholic) becomes a 
trimethylsilanol group in the derivatization procedure and allows oxygen α-cleavage to give 
diagnostic R-O+-Si-(CH3)3 fragments. 
 
3. Results 
3.1 Screening for cytochrome CYP505 genes in F. oxysporum f. sp. lactucae 
The presence of a cytochrome P450 belonging to the 505 family in F. oxysporum MSA35 genome 
was investigated by PCR using primers designed on conserved regions of CYP505 gene of F. 
oxysporum f. sp. dianthii and F. oxysporum f. sp. lycopersici. An amplicon of the expected size was 
obtained and analysis of its sequence showed the tyical signature of a cytochrome P450 coding gene. 
The sequence of the full length gene was obtained following a genome-walking strategy. A complete 
coding sequence of 3,201 bp (ORF 3201) was deduced from the gene sequence of 3,443 bp showing 
the presence of six introns (data not shown SEQUENCE DEPOSITED? COORDINATES?). The 
ORF3201 encodes a protein of 1,066  amino acids, with a predicted molecular weigth of 117 kDa and 
low E-values when aligned with 505 family  of fungal P450s. This new MSA35 enzyme was named 
CYP505A1 (http://drnelson.uthsc.edu). 
3.2 Phylogenetic and amino acid sequence analysis 
Neighbor-joining tree of the complete amino acid sequence and analysis of its haem domain (FOP) 
placed MSA35 CYP505 within the self-sufficient class VIII P450 monooxygenases [9] (Figure 1A). 
The intimate relationship between FOP and cytochrome P450 fatty acid hydroxylase from Aspergillus 
kawachii is indicated in the phylogenetic tree of the P450 superfamily (Figure 1B) that was 
constructed between P450 members from various organisms. Hydrophobic	 clustering	 analysis	suggested	 that	 the	 primary	 structure	 of	 CYP505A1	 contained	 neither	 a	 membrane	 anchor	sequence	in	its	amino	terminus	nor	a	hydrophobic	stretch	in	the	internal	regions	suggesting	that	it	is	a	cytosolic	protein.	The	primary	structure	of	CYP505A1	is	divided	into	a	haem	domain	
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and	 a	 reductase	 domain	with	 a	 linker	 connecting	 the	 two.	 The	 N-terminal	 477	 amino	 acid	residues	form	the	haem	domain	that	contains	the	sequence	400FGNGKRACIG	(Figure	2A,	open	triangles)	 that	 matches	 the	 consensus	 motif	([F/W][S/G/N/H]X[G/D]X[R/H/P/T]XC[L/I/V/M/F/A/P][G/A/D])	 typical	 of	 cytochromes	P450	[28] with	cysteine	406	corresponding	to	the	haem-iron	fifth	ligand.		The	consensus	motif	
266AGHETT	(Figure	1A,	open	circles)	corresponds	to	the	putative	oxygen	binding	sequence	[28]. The	 C-terminal	 sequence	 from	 amino	 acid	 497	 to	 1,066	 	 of	 CYP505A1	 is	 homologous	 to	reductase	 proteins.	 Alignment	 of	 this	 sequence	 (FOR)	 with	 those	 of	 Bacillus	 megaterium	CYP102A1	 reductase	 (BMR)	 and	 reductase	 domain	 of	 F.	 oxysporum	 f.sp.	 cubense	 CYP505	(FOXR)	is	shown	in	Figure	2B.	As	can	be	seen	in	figure	2B,	as	expected	in	this	C-terminal	region	a	 FMN-binding	 domain	 (single	 underline),	 a	 FAD	binding	 domain	 (double	 underline)	 and	 a	NADPH-binding	 domain	 (asterisks)	 are	 all	 present.	 All	 these	 data	 indicate	 that	 CYP505A1	belongs	to	the	catalytically	self-sufficient	cytochrome	P450	class	VIII	with	an	N-terminal	haem	domain	 (residues	 1-477)	 and	 a	 C-terminal	 reductase	 domain	 (residues	 491-1,066)	 that	includes	the	cofactors	FMN	and	FAD.		
3.3 CYP505A1 gene expression 
In order to understand if the CYP505A1 can be involved in the interaction between lettuce and 
pathogenic Fusarium, semi-quantitative RT-PCR experiments were carried out with CYP505A1 
specific primers on total RNA extracted from lettuce roots infected by antagonistic MSA35 and the 
pathogenic Fusarium oxysporum Fuslat10 and the same fungi grown on PDA medium. Results 
showed that the gene is not expressed when Fuslat10 and MSA35 antagonistic fungi grow on PDA 
medium (Figure 3A, 3B). On the contrary, the gene is expressed during the early phase (after 4 days) 
of the interaction with lettuce both in antagonistic and pathogenic fungi as well as when Fuslat10 
mycelium grows very close to the lettuce seedling roots. Surprisingly, antagonistic hyphae grown 
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close to lettuce roots do not express the CYP505A1 gene (Figure 3B). During the late phase of 
interaction (after 8 days), when the lettuce seedlings show visible disease symptoms, the CYP505A1 
gene expression is silenced in the antagonistic MSA35 (Figure 3B). 
3.4 FOP and hCPR expression and purification  
To find the possible substrates of CYP505A1 and to analyze their reaction products, the recombinant 
haem domain of the fungal CYP505A1 (FOP) was expressed and purified. Since it was not possible 
to retrotranscribe the full-length CYP505A1 mRNA, FOP coding sequence was retro-transcribed 
from the meta RNA extracted from lettuce roots infected by Fuslat10 showing disease symptoms 
(after 8 days of interaction), cloned in the expression vector pBAD and expressed in E. coli TOP10 
cells. After purification by ion exchange chromatography (Figure 4A), the UV-vis spectra of the 53 
kDa purified protein showed the characteristic low spin iron Soret peak at 418 nm (Figure 4B). When 
reduced and bubbled with carbon monoxide the peak shifted from 418 to 450 nm as expected, 
showing the presence of a correctly folded P450 enzyme (Figure 4B). 
Since it is known that CYP52 from Aspergillus oryzae is able to perform its catalytic activity in the 
presence of human cytochrome P450 reducatse (hCPR) (Uno et al. 2016), this reductase was 
expressed and successfully purified using DEAE and 5’ADP-Sepharose column (Figure 4C) to be 
used as FOP redox partner.  
3.5 Substrate binding studies by UV-vis spectroscopy 
Fatty acids were checked as possible substrates of CYP505A1 since FOP is phylogenetically very 
closely related to P450 fatty acid hydroxylase from Aspergillus kawachii and because the importance 
these molecules play in plant defence during pathogens attack. Therefore UV-vis spectroscopy was 
used to study the binding of lauric, palmitic and stearic acids to the active site of purified FOP. 
The addition of increasing amounts of lauric acid (0-300 mM), palmitic acid (0-7 µM) and stearic 
acid (0-0.6 µM) to FOP caused a shift in the main Soret peak from 419 to 394 nm (Figures 5A, 5B, 
5C, respectively), indicating that the three fatty acids behave as putative substrates. The apparent 
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dissociation constant values (KD) were calculated to be 1.02 ± 0.10 mM for lauric acid, while for 
palmitic and stearic acid are 1.87 ± 0.17 µM and 0.17± 0.02 µM, respectively.  
3.6 Identification of fatty acids hydroxylation products 
Following incubation of CYP505A1 with lauric, palmitic and stearic acids in the presence of hCPR 
and NADPH, the reaction products were analysed by GC–MS. The results show that a mono-
hydroxylation takes place in all of the studied C12, C16 and C18 fatty acids giving rise to three main 
hydroxy-derivatives. The hydroxylation site is in v-1, v-2 and v-3 position respectively, 
independently from the chain length, leading to 9-, 10- and 11-hydroxylauric acid, 13-, 14- and 15-
hydroxypalmitic acid and 15-, 16- and 17-hydroxystearic acid (Figure 6). The elution order was 
proportional to the distance of the hydroxyl-group from the terminal methyl group. In all cases the 
abundance of the isomers was similar with the most abundant isomer being v-1.  
 
4. Discussion 
Fusarium oxysporum causes severe vascular wilt disease [29, 6]. Signals released by host plants 
induce the germination of soil spores differentiating infection hyphae, which adhere to and penetrate 
the plant roots invading the cortex and crossing the endodermis [30]. Once they reach the xylem 
vessels they colonize the plant host and adapt to the hostile plant environment secreting virulence 
determinants [31]. Several pathogenicity associated genes have been identified in F. oxysporum, 
including those encoding for G-proteins [32], transcription factor responsive to environmental pH 
[33], arginosuccinate lyase [34], a class V chitinase [35], a mitogen-activated protein kinase [36], a 
F-box protein [37], a mitochondrial carrier protein [38] and a small secreted protein found in xylem 
[32, 39]. 
F.	oxysporum	strains	isolated	from	healthy	roots	in	suppressive	soils	are	called	“antagonistic”	since	they	have	the	ability	to	protect	plants	from	pathogenic	fungi	and	several	of	them	are	used	as	biological	control	agents	in	sustainable	agriculture	[40, 41, 42].	Antagonistic	and	pathogenic	
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fungi	 can	 share	 the	 same	 set	 of	 genes,	 but	 some	 genes	 can	 be	 differentially	 regulated.	 The	possibility	to	use	an	antagonistic	and	a	pathogenic	strain	of	Fusarium	oxysporum	allowed	us	to	evaluate	 if	 the	 CYP505A1	 can	 be	 considered	 as	 a	 pathogenicity	 related	 gene	 in	 Fusarium	
oxysporum	 f.sp.	 lactucae.	 After	 4	 days	 of	 Fusarium	 interaction	 with	 lettuce,	 CYP505A1	 is	expressed	 in	 both	 antagonistic	 and	 pathogenic	 fungi	 while	 during	 the	 late	 phase	 only	 the	antagonistic	Fusarium	stops	the	expression	of	the	gene.	The	plant	signal(s)	that	regulate	the	
cyp505A1	gene	expression	is	unknown,	but	it	can	be	assumed	that	it	is	a	diffusable	molecule	since	 the	P450	expression	 is	switched	on	only	when	hyphae	grow	on	agar	medium	 in	close	contact	with	the	lettuce	roots.		
There is increasing evidence that P450 enzymes exhibit important and different roles in the infections 
of host plants by pathogenic fungi by contributing to the synthesis of secondary metabolites [43]. 
Fungal P450s are up-regulated during host-pathogen interactions as in the case of Heterobasidion 
annosums [44], Moniliophthora perniciosa [4] and Botrytis cinerea [45]. The	 differential	expression	 of	 P450 coding	 genes	 in	 pathogenic	 and	 non	 pathogenic	 Fusarium	 strains	 has	already	been	reported.	The gene coding for CYP55, a cytochrome P450 with nitric oxide reductase 
activity [46] in F. oxysporum f.sp.cubense has been found to be up-regulated in pathogenic strains 
following the infection with banana but not in F. oxysporum isolates non-pathogenic to banana [47]. 
This enzyme regulates the nitrogen response pathway, that is essential for pathogenicity [48]. F. 
oxysporum f.sp. vasinfectum expresses the cyp55 gene when it invades cotton plant roots [48]. 
Verticillium dahlia, during the first five days of infection in cotton, up-regulates the expression of a 
cytochrome P450 that affects the metabolism of sulfacetamide, a secondary metabolite involved in 
fungal pathogenesis [49]. Fusarium graminearum induces the expression of a putative benzoate 4-
monooxygenase cytochrome P450 gene during wheat coleoptiles infection, and was speculated to be 
involved in the pathogenic process by participating in the secondary metabolism [50]. 
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It	seems	that	during  the early stage of the interaction, the lettuce plant perceives both antagonistic 
and pathogenic Fusarium as pathogens. These data are in agreement with what was found by Moretti 
et al. [51] where a comparative time-course analysis of the proteomic profile of MSA35 and 
pathogenic Fuslat10 in contact with lettuce was performed. These researchers found that during the 
early stages of the interaction between the fungal strains (MSA35 and Fuslat 10) and the host plant, 
proteins involved in stress defence, energy metabolism and virulence were equally induced in 
antagonistic and pathogenic strains with only the pathogenic Fuslat 10 continuing the production of 
virulence- and energy-related proteins in the late phase of the inter-kingdom interaction [51]. 
In the case of our study of CYP505A1 at the beginning of the interaction, both fungi are perceived 
by the plant as pathogenic but cytochrome P450 is not expressed in antagonistic hyphae grown close 
to lettuce roots. This data could mean that the presence of the bacterial consortium attached to the 
MSA35 hyphae [7, 8] modify the micro-environment in such a way that the putative signal(s) is no 
longer active or cannot reach the fungal target or is not produced. Fungal pathogens present in the 
soil sense the presence of the host plant through root exudates and respond by changing their gene 
expression leading to host recognition and penetration, host defence breakdown, proliferation within 
the host tissue and disease establishment  [31]. CYP505 members are fatty acid hydroxylases that 
carry out the subterminal omega hydroxylation of fatty acids, a step required for the use of these 
molecules as an energy source [11]. Mass spectroscopy analysis of the reaction products between 
C12, C16 and C18 fatty acids and CYP505A1 showed that also the fungal cytochrome P450 is able 
to hydroxylate fatty acids in the subterminal positions. 
Moreover, oxidized fatty acids are a group of endogenous signal molecules [53] that play a role in 
the interaction between plants and fungi. Recent discoveries show a direct role for fatty acids and 
their breakdown products in inducing plant defence. Both 16- and 18-carbon fatty acids participate 
in defence to modulate basal, effector-triggered, and systemic immunity in plants [12]. For example, 
two C18 derivatives have been shown to have a strong capacity to elicit plant defence and H2O2 
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production in cucumber [54]. In Vicia sativa, 18-hydroxy-9,10-epoxystearic acid and 9,10,18-
trihydroxystearic acids have been described as potential messengers in plant-pathogen interactions 
[55]. We can speculate that CYP505A1 of pathogenic Fuslat10, having entered the lettuce cortical 
cells, hydroxylates the C12, C16 and C18 fatty acids present in the cells membrane. These 
hydroxylated compounds might function as signal molecules in activating plant defence system. On 
the contrary, the non pathogenic MSA35 hyphae are impared and cannot enter the plant roots [7], 
they do not express CYP505A1. 
In conclusion, this study shows a correlation between the expression of CYP505A1 gene and 
Fusarium Fuslat10 pathogenicity in lettuce. Future research is needed to understand if CYP505A1 
can represent a new pathogenicity associated gene that is active during the early stage of pathogen 
invasion in different pathogenic formae speciales of Fusarium oxysporum.  
General significance 
Fungal pathogens of important crops cause severe economic loss each year. Resistance to antifungal 
molecules is rapidly increasing as well as the need for new targets and technologies for a rapid 
discovery of novel natural and synthetic agrochemicals. MSA35 CYP505A1 is a promising candidate 
as a new target for antifungal drugs development since it is expressed only in the pathogenic Fusarium 
oxysporum once it enters the roots of the lettuce host plant. Furthermore, the enzyme is widespread 
in all the four phylum of fungi comprising the most dangerous economic important cultures like 
Aspergillus nidulans, Aspergillus oryzae, Fusarium graminearum, Fusarium oxysporum, Fusarium 
verticillioides, Gibberella monoliformis and Magnaporthe grisea. Natural and synthetic 
agrochemicals could be screened for their inhibitory capability of the P450 activity, 
 
Acknowledgements 
iris-AperTO 
University of Turin’s Institutional Research Information System and Open Access Institutional Repository 
The authors are grateful to Prof. Almira Correia (UCSF) for the gift of hCPR clone. This study was 
partly supported by the grant SESQ_FUNG (Chimica Sostenibile – IBIS) from Piedmont Region, 
Italy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
iris-AperTO 
University of Turin’s Institutional Research Information System and Open Access Institutional Repository 
References 
[1] D.E. Kelly, N. Krasevec, J. Mullins, D.R. Nelson, The CYPome (Cytochrome P450 complement) 
of Aspergillus nidulans, Fungal Genetics and Biology 46 (2009) 53-S61. 
[2] R. Becher, S.G.R. Wirsel, Fungal cytochrome P450 sterol 14 alpha-demethylase (CYP51) and 
azole resistance in plant and human pathogens, Applied Microbiology and Biotechnology 95 
(2012) 825-840. 
[3] D.M. Soanes, I. Alam, M. Cornell, H.M. Wong, C. Hedeler, N.W. Paton, M. Rattray, S.J. Hubbard, 
S.G. Oliver, N.J. Talbot, Comparative Genome Analysis of Filamentous Fungi Reveals Gene 
Family Expansions Associated with Fungal Pathogenesis, Plos One 3(6) (2008). 
[4] G.A. Leal, L.H. Gomes, P.S.B. Albuquerque, F.C.A. Tavares, A. Figueira, Searching for 
Moniliophthora perniciosa pathogenicity genes, Fungal Biology 114 (2010) 842-854. 
[5] H.L. George, H.D. VanEtten, Characterization of pisatin-inducible cytochrome P450s in fungal 
pathogens of pea that detoxify the pea phytoalexin pisatin, Fungal Genetics and Biology 33 (2001) 
37-48. 
[6] M. Matheron, M.L. Gullino, Fusarium wilt of letuce and other salad crops. In: M.L. Gullino, J. 
Katan, G. Garibaldi, Fusarium wilt of greenhouse vegetables and ornamental crops. pp. 175-185. 
APS Press. 
[7] D. Minerdi, M. Moretti, G. Gilardi, C. Barberio, M.L. Gullino, A. Garibaldi, Bacterial 
ectosymbionts and virulence silencing in a Fusarium oxysporum strain, Environmental 
Microbiology 10 (2008) 1725-1741. 
[8] D. Minerdi, S. Bossi, M.L. Gullino, A. Garibaldi, Volatile organic compounds: a potential direct 
long-distance mechanism for antagonistic action of Fusarium oxysporum strain MSA35, 
Environmental Microbiology 11 (2009) 844-854. 
[9] F. Hannemann, A. Bichet, K.M. Ewen, R. Bernhardt, Cytochrome P450 systems - biological 
variations of electron transport chains, Biochimica Et Biophysica Acta-General Subjects 1770 
iris-AperTO 
University of Turin’s Institutional Research Information System and Open Access Institutional Repository 
(2007) 330-344. 
[10] N. Nakayama, A. Takemae, H. Shoun, Cytochrome P450foxy, a catalytically self-sufficient fatty 
acid hydroxylase of the fungus Fusarium oxysporum, Journal of Biochemistry 119 (1996) 435-
440. 
[11] T. Kitazume, A. Tanaka, N. Takaya, A. Nakamura, S. Matsuyama, T. Suzuki, H. Shoun, Kinetic 
analysis of hydroxylation of saturated fatty acids by recombinant P450foxy produced by an 
Escherichia coli expression system, European Journal of Biochemistry 269 (2002) 2075-2082. 
[12] A. Kachroo, P. Kachroo, Fatty Acid-Derived Signals in Plant Defense, Annual Review of 
Phytopathology 47 (2009) 153-176. 
[13] H. Komada, Development of a selective medium for quantitative isolation of Fusarium 
oxysporum from natural soils, Rev Plant Protect Res 8 (1975) 114–125. 
[14] O. Dhingra, J.B. Sinclair, (1995) Basic Plant Pathology Methods, 2nd edn. Tokyo, Japan: Lewis 
Publishers. 
[15] G.S. Chitarra, T. Abee, F.M. Rombouts, M.A. Posthumus, J. Dijksterhuis, Germination of 
Penicillium paneum conidia is regulated by 1-octen-3-ol, a volatile self-inhibitor, Applied and 
Environmental Microbiology 70 (2004) 2823-2829. 
[16] T.J. White, T. Bruns, S. Lee, J. Taylor, Amplification and direct sequencing of fungal ribosomal 
RNA genes for phylogenetics. In PCR Protocols, a Guide to Methods and Applications. Innis, 
M.A., Gelfand, D.H., Sninsky, J.J., and White, T.J. (eds). San Diego, CA, USA: Academic, 
(1990) 315–322. 
[17] D. Minerdi, S. Bossi, M.E. Maffei, M.L. Gullino, A. Garibaldi, Fusarium oxysporum and its 
bacterial consortium promote lettuce growth and expansin A5 gene expression through 
microbial volatile organic compound (MVOC) emission, Fems Microbiology Ecology 76 
(2011) 342-351. 
[18] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning: A Laboratory Manual, 2nd edn. 
iris-AperTO 
University of Turin’s Institutional Research Information System and Open Access Institutional Repository 
(1989) Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY. 
 [19] S.F. Altschul, T.L. Madden, A.A. Schaffer, J.H. Zhang, Z. Zhang, W. Miller, D.J. Lipman, 
Gapped BLAST and PSI-BLAST: a new generation of protein database search programs, 
Nucleic Acids Research 25(17) (1997) 3389-3402. 
[20] J.D. Thompson, D.G. Higgins, T.J. Gibson, CLUSTALW: improving the sensitivity of 
progressive multiple sequence alignment through sequence weighting, position-specific gap 
penalties and weight-matrix choice. Nucleic Acids Research 22 (1994) 4673–4680. 
[21] K. Tamura, J. Dudley, M. Nei, S. Kumar, MEGA4: Molecular evolutionary genetics analysis 
(MEGA) software version 4.0, Molecular Biology and Evolution 24 (2007) 1596-1599. 
[22] M. Kimura, A simple method for estimating evolutionary rate of base substitutions through 
comparative studies of nucleotide sequences. Journal of Molecular Evolution 16 (1980) 111–
120. 
[23] N. Saitou, M. Nei, The neighbor-joining method - a new method for reconstructing phylogenetic 
trees, Molecular Biology and Evolution 4 (1987) 406-425. 
[24] P. Macheroux, Chapman SK, Reid GA (eds) Flavoprotein Protocols: Methods in Molecular 
Biology, Humana Press, Totowa (1999) 1–7. 
[25] F.P. Guengerich, Cytochrome P450 and chemical toxicology, Chemical Research in Toxicology 
21 (2008) 70-83. 
[26] A. Luthra, I.G. Denisov, S.G. Sligar, Spectroscopic features of cytochrome P450 reaction 
intermediates, Archives of Biochemistry and Biophysics 507 (2011) 26-35. 
[27] V.E. Ferrero, G. Di Nardo, G. Catucci, S.J. Sadeghi, G. Gilardi, Fluorescence detection of ligand 
binding to labeled cytochrome P450 BM3, Dalton Transactions 41 (2012) 2018-2025. 
[28] G.A. Roberts, G. Grogan, A. Greter, S.L. Flitsch, N.J.Turner, Identification of a new class of 
cytochrome P450 from a Rhodococcus sp. Jornal of Bacteriology 184 (2002) 3898–3908. 
[29] G.M. Armstrong, J.K. Armstrong, Formae speciales and races of Fusarium oxysporum causing 
iris-AperTO 
University of Turin’s Institutional Research Information System and Open Access Institutional Repository 
wilt disease. In: Nelson, P.E., Toussoun, T.A., Cook, R.J. Fusarium: disease, biology, and 
taxonomy. State University press, (1981) 391-399. 
[30] E. Perez-Nadales, A. Di Pietro,  The membrane mucin Msb2 regulates invasive growth and plant 
infection in Fusarium oxysporum. Plant Cell 23 (2011) 1171-1185. 
[31] A. Di Pietro, M.P. Madrid, Z. Caracuel, J. Delgado-Jarana, M.I.G. Roncero, Fusarium 
oxysporum: exploring the molecular arsenal of a vascular wilt fungus, Molecular Plant 
Pathology 4 (2003) 315-325. 
[32] S. Jain, K. Akiyama, R. Takata, T. Ohguchi, Signaling via the G protein alpha subunit FGA2 is 
necessary for pathogenesis in Fusarium oxysporum, Fems Microbiology Letters 243 (2005)165-
172. 
[33] Z. Caracuel, M.I.G. Roncero, E.A. Espeso, C.I. Gonzalez-Verdejo, F.I. Garcia-Maceira, A. Di 
Pietro, The pH signalling transcription factor PacC controls virulence in the plant pathogen 
Fusarium oxysporum, Molecular Microbiology 48 (2003) 765-779. 
[34] F. Namiki, M. Matsunaga, M. Okuda, I. Inoue, K. Nishi, Y. Fujita, T. Tsuge, Mutation of an 
arginine biosynthesis gene causes reduced pathogenicity in Fusarium oxysporum f. sp melonis, 
Molecular Plant-Microbe Interactions 14 (2001) 580-584. 
[35] M. P. Madrid, A. Di Pietro, M. I. Roncero. Class V chitin synthase determines pathogenesis in the 
vascular wilt fungus Fusarium oxysporum and mediates resistance to plant defense 
compounds. Molecular Microbiology 47 (2003) 257-266.	
[36] A. Di Pietro, F.I. Garcia-Maceira, E. Meglecz, M.I.G. Roncero, A MAP kinase of the vascular 
wilt fungus Fusarium oxysporum is essential for root penetration and pathogenesis, Molecular 
Microbiology 39(5) (2001) 1140-1152. 
[37] R.G.E. Duyvesteijn, R. van Wijk, Y. Boer, M. Rep, B.J.C. Cornelissen, M.A. Haring, Frp1 is a 
Fusarium oxysporum F-box protein required for pathogenicity on tomato, Molecular 
Microbiology 57(4) (2005) 1051-1063. 
iris-AperTO 
University of Turin’s Institutional Research Information System and Open Access Institutional Repository 
[38] I. Inoue, F. Namiki, T. Tsuge, Plant colonization by the vascular wilt fungus Fusarium oxysporum 
requires FOW1, a gene encoding a mitochondrial protein, Plant Cell 14(8) (2002) 1869-1883. 
[39] S. Jain, K. Akiyama, T. Kan, T. Ohguchi, R. Takata, The G protein beta subunit FGB1 regulates 
development and pathogenicity in Fusarium oxysporum, Current Genetics 43 (2003) 79-86. 
[40] R.H. Larkin, D.I. Hopkins, F.N.Martin, Suppression of Fusarium wilt of watermelon by non-
pathogenic Fusarium oxysporum and other microrganisms recovered from a disease 
suppressive soil, Phytopatholgy 86 (1996) 812-819. 
[41] A. Garibaldi, L. Guglielmone, M.L. Gullino, Rhizosphere competence of antagonistic Fusaria 
isolated from suppressive soils, Symbiosis 9 (1990) 401-404. 
[42] C. Alabouvette, Y. Couteaudier, Biological control of Fusarium wilts with nonpathogenic 
Fusaria: in E.C., Tjamos, R.J. Cook, G.C. Papavizas, Biological control of plant disease. New 
York, (1992) 425-426. 
[43] S. Takaoka, M. Kurata, Y. Harimoto, R. Hatta, M. Yamamoto, K. Akimitsu, T. Tsuge, Complex 
regulation of secondary metabolism controlling pathogenicity in the phytopathogenic fungus 
Alternaria alternata, New Phytologist 202 (2014) 1297-1309. 
[44] M. Karlsson, M. Elfstrand, J. Stenlid, A. Olson, A fungal cytochrome P450 is expressed during 
the interaction between the fungal pathogen Heterobasidion annosum sensu lato and conifer 
trees, DNA Sequence 19 (2008) 115-120. 
[45] V. Siewers, M. Viaud, D. Jimenez-Teja, I.G. Collado, C.S. Gronover, J.M. Pradier, B. Tudzynski, 
P. Tudzynski, Functional analysis of the cytochrome P450 monooxygenase gene bcbot1 of 
Botrytis cinerea indicates that botrydial is a strain-specific virulence factor, Molecular Plant-
Microbe Interactions 18 (2005) 602-612. 
[46] H.G. McFadden, I.W. Wilson, R.M. Chapple, C. Dowd, Fusarium wilt (Fusarium oxysporum f. 
sp vasinfectum) genes expressed during infection of cotton (Gossypium hirsutum), Molecular 
iris-AperTO 
University of Turin’s Institutional Research Information System and Open Access Institutional Repository 
Plant Pathology 7 (2006) 87-101. 
[47] R. Sutherland, A. Viljoen, A.A. Myburg, N. van den Berg, Pathogenicity associated genes in 
Fusarium oxysporum f. sp cubense race 4, South African Journal of Science 109 (2013) 1-10. 
[48] M.S. Lopez-Berges, N. Rispail, R.C. Prados-Rosales, A. Di Pietro, A nitrogen response pathway 
regulates virulence functions in Fusarium oxysporum via the protein Kinase TOR and the bZIP 
protein MeaB, Plant Cell 22 (2010) 2459-2475. 
[49] Zhang, D.D., Wang,	XY,  Chen,	J.Y. Zhi-Qiang Kong, Yue-Jing Gui, Nan-Yang Li, Yu-Ming 
Bao, Xiao-FengDai, Identification and characterization of a pathogenicity-related 
geneVdCYP1 from Verticillium dahliae Scientific Reports 6 (2006) 27979. 
[50] X.W. Zhang, L.J. Jia, Y. Zhang, G. Jiang, X. Li, D. Zhang, W.H. Tang, In planta stage-specific 
fungal gene profiling elucidates the molecular strategies of Fusarium graminearum growing 
inside wheat coleoptiles, Plant Cell 24 (2012) 5159-5176. 
[51] M. Moretti, D. Minerdi, P. Gehrig, A. Garibaldi, M.L.Gullino, ML, K. Riedel, A bacterial-fungal 
metaproteomic analysis enightens an intriguing multicomponent intercation in the rhizosphere 
of Lactuca sativa, Journal of Proteome Research 11(2012) 2061-77. 
[52] P. Schweizer, G. Felix, A. Buchala, C. Muller, J.P. Metraux, Perception of free cutin monomers 
by plant cells, Plant Journal 10 (1996) 331-341. 
[53] M. Fauth, P. Schweizer, A. Buchala, C. Markstadter, M. Riederer, T. Kato, H. Kauss, Cutin 
monomers and surface wax constituents elicit H2O2 in conditioned cucumber hypocotyl 
segments and enhance the activity of other H2O2 elicitors Plant Physiology 121 (1999) 1057-
1057. 
[54] F. Pinot, M. Skrabs, V. Compagnon, J.P. Salaun, I. Benveniste, L. Schreiber, F. Durst, omega-
hydroxylation of epoxy- and hydroxy-fatty acids by CYP94A1: possible involvement in plant 
defence, Biochemical Society Transactions 28 (2000) 867-870. 
 
iris-AperTO 
University of Turin’s Institutional Research Information System and Open Access Institutional Repository 
  
iris-AperTO 
University of Turin’s Institutional Research Information System and Open Access Institutional Repository 
Figures legend 
Figure 1 
Phylogenetic analysis of the full length sequence (A) and N-terminal domain of cytochrome P450 of 
F. oxysporum MSA35 (B). Neighbor-joining tree was built using pairwise deletion with p-distance 
options. The numbers at the nodes are the bootstrap confidence values obtained after 1000 replicates. 
The scale bar indicates distance in substitutions per nucleotide. The species and proteins are (A): 
Fusarium oxysporum f.sp. pisi= CYP505 from Fusarium oxysporum f.sp. pisi (EXA43448.1); 
Fusarium oxysporum f.sp. raphani= CYP505 from Fusarium oxysporum f.sp. raphani 
(EXK91707.1); Fusarium oxysporum MSA35= CYP505 from Fusarium oxysporum MSA35 
(KT176089); Fusarium oxysporum f.sp. melonis= CYP505 from Fusarium oxysporum f.sp. melonis 
(EXK442861); Fusarium fujikuroi= CYP505 from Fusarium fujikuroi (KLO80461.1); Fusarium 
oxysporum f.sp.verticilloides= CYP505 from Fusarium oxysporum f.sp. verticilloides ( 
EWG47019.1); Fusarium oxysporum f.sp. avenaceum= CYP505 from Fusarium oxysporum f.sp 
avenaceum (KIL90643.1); Metarhizium acridum= CYP505 from Metarhizium acridum 
(XP_007813119.1); Trichoderma reesei= CYP505 from Trichoderma reesei (XP_006965911.1); 
Trichoderma virens= CYP505 from Trichoderma virens (EHK20283.1); Colletotrichum  
graminicola= CYP505 from Colletotrichum  graminicola (XP_008096088.1); Verticillium alfalfae= 
CYP505 from Verticillium alfalfae (XP_003004414.1); Magnaporthe oryzae= CYP505 from 
Magnaporthe oryzae (XP_003719368.1); Aspergillus fumigatus= CYP505 from Aspergillus 
fumigatus (XP_754698.1); Aspergillus oryzae= CYP505 from Aspergillus oryzae (EIT73160.1); 
Bacillus megaterium= CYP102A1 from Bacillus megaterium (KFN05180.1). 
B) PDA Fusarium oxysporum f. sp. melonis = PDA from Fusarium oxysporum f. sp. melonis 
(EXK49748.1);  PDA Fusariun oxysporum f. sp. lycopersici = PDA from Fusariun oxysporum f. sp. 
lycopersici (|EXL41305.1); PDA Fusariun oxysporum f. sp. conglutinans=  PDA from Fusariun 
oxysporum f. sp. conglutinans  (EXL79015.1); PDA Fusarium oxysporum f. sp. raphani = PDA from 
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Fusarium oxysporum f. sp. raphani (EXK79131); PDA Fusarium oxysporum f. sp. pisi = PDA from 
Fusarium oxysporum  f. sp. pisi (AAR32716.1);  Fusarium oxysporum f. sp. cubense PDA= PDA 
from Fusarium  f. sp. cubense  (ENH75868.1); CYP86A8 Arabidopsis lyrata= CYP86A8 from 
Arabidopsis lyrata (XP_002882043); CYP655C2 Fusarium oxusporum= CYP655C2 from Fusarium 
oxusporum f. sp. lycopersici (XP_018254178); CYP539B1 Magnaporthe oryzae= CYP539B1 from 
Magnaporthe oryzae (XP_003709721); CYP52E2 Candida apicola= CYP52E2 from Candida 
apicola (Q12573.1); CYP52A13 Candida tropicalis= CYP52A13 from Candida tropicalis 
(AAO73953); CYP4A10 Rattus norvegicus= CYP4A10 from Rattus norvegicus (XP_006238774.1); 
CYP4A11 Homo sapiens = CYP4A11 from Homo sapiens (AAB29502.1); CYP97B3 Arabidopsis 
thaliana= CYP97B3 from Arabidopsis thaliana (AEE83557.1); FOP= haem domain of CYP505A1 
from F. oxysporum MSA 35 (KT176089); FAH Aspergillus kawachii= Fatty Acid Hydroxylase from 
Aspergillus kawachii (GAA84899); FUM6p Fusarium verticillioides= fumonisyn synthase from 
Fusarium verticillioides (ADQ38980); BMP Bacillus megaterium= haem domain of CYP102A1 
from Bacillus megaterium (KFN05180.1); CYP102A5 Bacillus cereus= CYP102A5 from Bacillus 
cereus (ADL27534); BMP Bacillus megaterium= haem domain of CYP102A1 from Bacillus 
megaterium (KFN05180.1); CYP51 Fusarium graminearum= CYP51 from Fusarium graminearum 
(JN416622.1). 
 
Figure 2 
A. Amino acid sequence alignment of the N-terminal portion (residues 1-477) of CYP505A1 from 
Fusarium oxysporum MSA35 (KT176089). The conserved oxygen and haem binding sites are 
marked with open circles and triangles, respectively. The conserved cysteine residue that provides 
the fifth ligand to the haem iron is marked by an asterisk. BMP (haem domain of CYP102A1 from 
Bacillus megaterium) (KFN05180.1); FOXP (cytochrome P450 from Fusarium oxysporum f.sp. 
cubense) (EXM025981); FOP (haem domain of CYP505A1). 
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B. Amino acid sequence alignment of the C-terminal portion (residues 497-1,066) of CYP505A1 
with two different dioxygenase reductase subunits. The residues corresponding to the putative FMN, 
FAD and NADPH-binding domains are underlined, double underlined and marked with asterisks, 
respectively. FOXR (CYP505 reductase domain from F. oxysporum f. sp. cubense) (EXM02598.1); 
BMR (CYP102A1 reductase domain from B. megaterium) (KFN05180.1); FOR (CYP505 reductase 
domain from Fusarium oxysporum MSA35) (KT176089). 
 
Figure 3 
A. Agarose gel of RT-PCR products amplified by using primers specific for CYP505A1. RNA 
extracted from MSA35 mycelium grown on PDA medium (lane 1); RNA extracted from lettuce 
seedlings infected by Fuslat10 after 4 days (lane 2); RNA extracted from lettuce seedlings infected 
by Fuslat10 after 8 days (lane 3); RNA extracted from lettuce seedlings infected by MSA35 after 8 
days (lane 4); RNA extracted from lettuce seedlings infected by MSA35 after 4 days (lane 5).  
B: RNA extraced  from Fuslat10 mycelium grown close to lettuce roots (lane 6); RNA extracted from 
MSA35 mycelium grown close to lettuce roots (lane 7); RNA extracted from Fuslat10 mycelium 
grown on PDA medium (lane 8). 
 
Figure 4 
A. SDS-PAGE of the purified haem domain of CYP505A1 B. Absorption spectra of FOP. Solid line 
oxidized form; dotted line dithionite reduced form, dashed line dithionite-reduced form plus carbon 
monoxide. C. SDS-PAGE of the purified human P450 reductase.DOESNT EXIST 
 
Figure 5 
Spectral perturbation in FOP caused by fatty acids. A. Absorption spectra of FOP in the presence of 
1: 100, 150, 200, 250, 300 µM lauric acid; 2: 1, 2, 3, 4, 5, 6, 7 µM palmitic acid; 3: 0.1, 0.2, 0.3, 0.4, 
iris-AperTO 
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0.5, 0.6 µM stearic acid. B. Difference spectra. Each difference spectrum was obtained by 
substracting line 1 from each of the other lines. 
C missing 
 
Figure 6  
GC-MS chromatograms of C12 (A), C16 (C) and C18 (E) fatty acid enzymatic transformation 
mixtures and fragmentation pathways of TMS-fatty acids (C12-Fig.B), (C16 -Fig.D) and (C18 -Fig.F) 
and their monohydroxylated metabolites. 
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